ABSTRACT The lad gene of Escherichia coli was used to score mutation in mammalian cells of simian virus 40-based recombinant DNA vectors that provide for replication and selection in both bacterial and mammalian cells. Plasmid DNA was introduced into COS7 simian cells by DEAE-dextran transfection, allowed to replicate in the mammalian cells, and then returned to E. coli for analysis. Mutants in lacl were observed at frequencies of one to several percent, compared with a spontaneous mutation rate in E. coli of less than 10-5. Specifically, we have constructed a plasmid vector containing lacI, the simian virus 40 (SV40) origin of replication, and the chicken thymidine kinase (TK gene (ChTK), opening two avenues of approach: (i) The plasmid can be integrated into the chromosomes of a TK-mammalian cell line, mutagenized, and rescued by fusion (4, 5) to cells permissive for SV40 replication or (ii) the vector can be introduced directly into permissive cells (6, 7) and mutagenized during its replication. In either case, free plasmid DNA can be collected and returned to E. coli for analysis of mutations. In this study, we focused on the latter approach, introducing the plasmid into COS7 simian cells. Immediately, we detected a striking frequency of mutants occurring during the passage of the plasmid in the mammalian cell in the absence of any mutagenic treatment. We describe here the diverse array of mutations observed. Base substitutions account for a significant portion of the mutations collected by this protocol. This finding leaves open the possibility that error-prone Tle publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Information at the DNA sequence level on mutation in mammalian cells is difficult to obtain because of the inherent complexity of higher eukaryotic cells. By contrast, such data are readily derived from prokaryotic systems. For example, by using the lad gene of Escherichia coli, a large body of information pertaining to both spontaneous and induced mutation has been amassed (1) (2) (3) . Because of the extensive genetic characterization of lacI, the techniques of bacterial molecular genetics and DNA sequence analysis can be used to generate precise mutational information. Our intent is to use recombinant DNA techniques to apply the straightforward methodologies used in bacteria to a complex eukaryotic system. We have linked the lad gene to plasmid vectors that can replicate and be selected in both bacterial and mammalian cells. The gene can thus be introduced into mammalian cells for mutagenesis and then returned to E. coli for rapid detection and analysis of mutations by established techniques, bypassing many of the limitations of somatic cell genetics.
Specifically, we have constructed a plasmid vector containing lacI, the simian virus 40 (SV40) origin of replication, and the chicken thymidine kinase (TK gene (ChTK), opening two avenues of approach: (i) The plasmid can be integrated into the chromosomes of a TK-mammalian cell line, mutagenized, and rescued by fusion (4, 5) to cells permissive for SV40 replication or (ii) the vector can be introduced directly into permissive cells (6, 7) and mutagenized during its replication. In either case, free plasmid DNA can be collected and returned to E. coli for analysis of mutations. In this study, we focused on the latter approach, introducing the plasmid into COS7 simian cells. Immediately, we detected a striking frequency of mutants occurring during the passage of the plasmid in the mammalian cell in the absence of any mutagenic treatment. We describe here the diverse array of mutations observed. Base substitutions account for a significant portion of the mutations collected by this protocol. This finding leaves open the possibility that error-prone Tle publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
repair or replication may be occurring. We also detected rearrangements throughout the plasmid that might be accounted for by pathways of degradation, ligation, and recombination known to be active in mammalian cells (8) (9) (10) (11) (3-galactosidase) are contained in the 1.7-kilobase (kb) EcoRI fragment of pMC9 (see Fig. la) , whose construction will be described elsewhere. The i+ 1.7-kb EcoRI fragment from pMC9 was purified and ligated to a partial EcoRI digest of pML-RIIG-ChTK (5, 7) generated by including ethidium bromide at 150 ,ug/ml. Plasmids with the 1.7-kb lad fragment in each of the two EcoRI cuts were chosen and designated pSVi2 and pSVi4 (see Fig. 1 b and c). pJYM (7) contains all of SV40 inserted in the BamHI site of pML (see Fig. Id ).
Transfections. COS7 cells (12) were obtained from Y. Gluzman and grown in Dulbecco's modified Eagle's medium/10% fetal calf serum (Irvine Scientific). Cells were plated in 60-mm dishes the day before transfection and used at -60% confluency. Twenty nanograms of plasmid DNA was applied to the cells by the DEAE-dextran procedure (7, 13) . Plasmid DNA was isolated from bacteria after chloramphenicol amplification using a scale-up of the alkaline procedure (14) followed by centrifugation through ethidium bromide/cesium chloride gradients. Plasmid DNA was purified from the COS7 cells by the procedure of Hirt (15 Abbreviations: TK, thymidine kinase; ChTK, chicken TK; kb, kilobase(s); SV40, simian virus 40; X-Gal, 5-bromo-4chloro-3-indolyl /3-Dgalactoside. and pSVi4. In the a-complementation system, a blue colony unambiguously signals an i-mutation, because the presence of the plasmid is required to synthesize the a part of 3galacto-sidase. Thus, the proportion of blue to white colonies is a measure of the frequency of i-mutants in the plasmid population extracted from the mammalian cells.
RESULTS
Plasmid Replication in COS7 Cells. COS7 cells are SV40-transformed CV1 simian cells in which the SV40 provirus is defective. Large tumor antigen is produced constitutively, but the SV40 origin of replication is damaged and viral excision and replication cannot be detected (12) . pSVi plasmids will replicate in COS7 cells because the large tumor antigen and permissive environment in the simian cell activate replication at the SV40 origin located on. pSVi. As shown by Southern blot hybridization of Hirt extracts, shortly after introduction of plasmid DNA into COS7 cells at least 90% of the input DNA is degraded (7) . By 36-48 hr, the remaining DNA has replicated extensively and a substantial amount of free plasmid DNA exists in the cells. We carried out Southern blot experiments using aliquots of Hirt extracts made 2, 24, 36, and 48 hr after transfection of COS7 with-the parent vector, pML-RIIG-ChTK,. and compared the results with results of experiments in which pSVi2 and pSVi4 were used as the vector to verify that addition of lad had no effect on vector replication. Replication of all three plasmids followed the kinetics previously observed (7), and no substantial differences were detected between them (data not shown).
Mutant Frequency. Mutant frequencies for pSVi2 and pSVi4, for both monomer and multimer forms, after 48 hr replication in COS7 cells are given in Table 1 . A direct transformation of E. coli with the DNA used for transfection of the simian cells was included in each experiment. No mutants were observed among the many thousands of colonies examined, indicating that the mutations result from the passage of the plasmid through the monkey cells. DNA mixed with DEAE-dextran, transfected onto COS7 cells, harvested immediately, and purified by Hirt extraction also showed no mutations when returned to E. coli. This observation verifies that the transfection and extraction protocols themselves introduce no mutations and further indicates that mutagenesis occurs during passage in the mammalian cells. pSVi2 and pSVi4 have identical sequence compositions and differ only in the relative positions of lad ( Fig. 1 b and c) . This positional change leads to a different mutation frequency in lad between the two plasmids. This effect can be understood as being correlated to the actual. target size for large deletions in each Colonies that appeared blue on medium containing X-Gal were scored as i-. pSVi2 and pSVi4 grown in CSH35 exist predominantly as dimers and higher multimers. To obtain monomer populations, plasmid DNA was cut with BamHI, religated under dilute conditions, and transformed into HB101 (recA, hsdR, hsdM, supE, lacZ, leu,proA, thi, str). Each plasmid was also used for direct transformation of MC1061 F' 150 kan; >40,000 colonies were examined for each plasmid, and no blue colonies were detected. situation. (Deletions are a prominent category of mutations observed in this system, as described below.) In pSVi2, lacd is flanked by selected or screened regions. On one side is the Z portion of the lac fragment, required to form a blue colony. Immediately adjacent is the gene for ampicillin resistance, selected in E. coli. On the other side of lad is the SV40 origin, required for replication in the COS7 cell. Therefore, in pSVi2, F mutations must be confined to the approximately 1,000 base pairs of lad. [The lac repressor contains 360 amino acids. Mutations can be scored in the first 325 amino acids, as well as. in the 78-base-pair (bp) promoter-leader region (1) . ] By contrast, in pSVi4, lad is flanked on one side by the chicken TK gene, which. is not selected in these experiments. Therefore, a deletion inactivating lad need have only one end in the gene. Thus, approximately 3 kb are added to the target size for deletions and the mutation frequency is therefore higher. The increased mutation frequency for multimers compared with monomers is similarly explained. The multimer represents a larger target for deletions, particularly for pSVi4, in which the end points require less precision in placement than in pSVi2 to produce a surviving plasmid with an F mutation. Consequently, the mutation frequency is higher and the extra events represent the types of large deletions that are tolerated by multimers.
Nature of Mutations. DNA from 171 F colonies was examined on agarose gels after cutting with EcoRI, which divides the plasmid into its lac, SV40, and pMLChTK components. Examination of the 1.7-kb fragment reveals the state of lad.
Mutants exhibiting a net shortening of the 1.7-kb fragment were classified as deletions, those with length increases were classified as duplications or insertions, and those containing a 1.7-kb fragment indistinguishable from wild type were considered presumptive point mutations (Fig. 2) . The last category would also be expected to include deletions or insertions too small to be resolved by the gel. Therefore, 22 of the putative point mutations were crossed into appropriate strains and examined in a series of nonsense suppressors (19) . This analysis showed that The number of each class of mutation for the two plasmids in monomer and multimer forms is given in Table 2 . Point mutations represent more than half (53%) of the F events for pSVi2 monomers. However, as the target size for deletions increases from pSVi2 monomer to multimer forms and then to pSVi4 monomers and multimers, the proportion of deletions detected among F events progressively increases.
Approximately 10% of the pSVi2 point mutants contain double events; i.e., there is an alteration in the 5.2-kb fragment, but the 1.7-kb fragment appears wild type. That these plasmids contain a point mutation-like lesion in the 1.7-kb fragment, in addition to a deletion or duplication in the 5.2-kb fragment, was shown by our ability to rescue an F mutation from the plasmid to an F' lac episome by genetic recombination in six out of six The 171 i-mutants characterized by restriction mapping were derived from 30 independent plates of transfected COS7 cells. Seventeen of the plasmids had undergone more than one mutational event. Only the mutations that lead to inactivation of lacd are tabulated here.
cases. This frequency of double mutations is expected because the frequency of single mutations per 1.7-kb region is so high.
Nine mutants having alterations in the size of the 1.7-kb fragment were examined in more detail with other restriction enzymes. The approximate sizes and positions of the lesions are shown in Fig. 3 . These data give no evidence of preferred sites for the events. DNA sequence analysis will show whether the deletions occur preferentially at short direct repeats, as is the case for spontaneous deletions in E. coli (20) .
Two plasmids showing large increases in size that were not obvious duplications, nos. 25 and 57, were examined further. In addition to a small deletion in the 1.7-kb fragment that accounts for the i-phenotype, mutant 57 also exhibits a large increase in the length of the 5.2-kb fragment (Fig. 2, lane g) . This 1.6-kb insert introduces two new HincIl cuts into the plasmid. When used as a probe for genomic blot analysis, this altered 5.2-kb fragment hybridizes to sequences in COS7 DNA that cannot be detected by wild-type pSVi2 DNA. The insertion therefore originated in the simian genome. Mutant 25 contains an insertion of approximately 2.4 kb in the 1.7-kb fragment (Fig.  2 , lane h). Analysis with several restriction enzymes has localized the insert to an 80-bp fragment of target DNA with no indication of deletion. Because new fragments are present that do not appear in the parental plasmid, it is likely that, in this case, too, an insertion from the simian genome has occurred.
White Colonies. To determine whether lad was suffering a mutation frequency higher than that characteristic of the remainder of the plasmid, 188 white pSVi2 colonies were screened by EcoRI digestion. The results (Table 3) indicate that the entire plasmid pool contained mutant plasmids at the frequency of =10%. Lad is therefore not a preferential target for rearrangement.
To determine whether the presence of lad in the plasmid is the cause of the high frequency of rearrangements, 96 colonies from cells transfected with the parent plasmid, pML-RIIGChTK, without ladc, were screened by EcoRI digestion (Table  3 ). Approximately 15% of the plasmids contain rearrangements; therefore, the mutagenic effect cannot be attributed to lacd.
A related plasmid, pJYM, containing all of SV40 and lacking 25 the chicken TK gene (Fig. ld) was also examined. pJYM plasmid DNA was transfected into COS7 cells by the procedure used with the other plasmids. Plasmid DNA from 700 colonies was examined after digestion with EcoRI, and DNA from a further 300 colonies was examined without EcoRI digestion. Only 12 rearrangements were detected ( Table 3 ). The rearrangement frequency of pJYM is therefore =1/10th of those of pSVi2, pSVi4, and pML-RIIG-ChTK. Furthermore, the mutation frequency of pJYM is more variable from experiment to experiment than that of pSVi2 (see Table 3 ).
DISCUSSION We have developed a facile system for analysis of mutations generated in mammalian cells. Our goal was to use the system to study, at the DNA sequence level, mutations generated by carcinogens and spontaneous mutations such as insertions of transposable elements, events expected to occur at frequencies of 10-4 or less. However, the system has uncovered an extraordinary frequency of mutations spontaneously occurring in the transfected DNA. Similar results have recently been obtained using the galK marker (M. Seidman, personal communication). The mutations include base substitutions and rearrangements such as deletions, duplications, and insertions of simian DNA. The frequency of mutants in lad alone ranges from one to several percent, depending on the plasmid construction used. This figure should be compared with the spontaneous mutation rate for the gene in E. coli of 2.5 X 10-6 (21), as well as the spontaneous mutation rate for genes in mammalian cells, which lies in the range of 10-610-8 (22) . Considering the pSVi2 plasmid as a whole, -10% of the molecules contain detectable rearrangements. Furthermore, since plasmids with mutations in selected regions do not survive and point mutations cannot be scored outside of lad, the true overall mutation frequency incurred by the plasmid must be considerably higher than 10%.
The mutations are the result of passage in the simian cell; the plasmid is stable in E. coli and the DEAE-dextran protocol and Hirt extraction procedure produce no mutations in themselves. We further argue that the large deletions are occurring in the simian cell, because the SV40 origin is preserved in all of the mutants. For example, in pSVi4 large deletions extending from lad into ChTK are common while, in pSVi2, in which the SV40 origin intervenes between lad and ChTK, these events are absent, even though large deletions occur elsewhere on the plasmid. This failure to observe deletions covering the SV40 origin implies that this sequence was under selection when the mutations were generated, which is expected if they were formed in the simian cell. The result is not comprehensible if the mutations were formed in the bacterial cells, since there should be no necessity to retain SV40 sequences. The necessity of retaining the SV40 origin explains the inability of lacI-ChTK deletions to be recovered in pSVi2 and thus also accounts for the lower net frequency of F events in pSVi2 compared with pSVi4.
We cannot eliminate the argument that the point mutations are created in the bacterium in response to some alteration of the DNA that occurred in the mammalian cell, but we note that this class of mutations occurs at similar levels when HB101, which is recA-and therefore defective in the SOS pathway (23) , is used as the bacterial recipient (M. Seidman, personal communication).
We have shown that the frequency of rearrangements is independent of the presence of lad, because the parent plasmid, pML-RIIG-ChTK, without lad, also suffers a high mutation frequency. The data indicate that the entire plasmid is subject to rearrangement. One must therefore consider the possibility that certain DNAs may be subject to indiscriminate attack in mammalian cells. It is known that only a small fraction of transfected DNA reaches the nucleus (7, 24) and that incoming DNA can take part in ligation and homologous recombination reactions (8) (9) (10) (11) (25) (26) (27) . Nucleolytic degradation followed by ligation would lead to deletions. Deletions occurring within dimers created by homologous recombination or aberrant replication would lead to molecules containing tandem duplications. Deletions and duplications could also result from slippage events during replication.
Another interesting class of gross rearrangements involves the insertions. Further analysis will clarify whether the insertions of simian DNA we observe are due to random ligation of fragments of simian genome into the plasmid or whether some are bona fide transposable elements.
Regardless of the detailed mechanisms involved in the formation of these rearrangements, our finding that a related plasmid, pJYM, is -10 times as stable to rearrangement as pSVi2, pSVi4, and pML-RIIG-ChTK implies that the higher rate of rearrangement in the latter plasmids can be traced to specific DNA sequences. Stability may be provided by the further SV40 sequences present in pJYM; they may play a role in accurate replication or otherwise protect the molecule from attack. This protection might reduce the amount of DNA damage to the apparently lower levels seen in viral replication. The deletions, duplications, and insertions that can be observed after serial passage of SV40 (28) are similar to the rearrangements that we have described. Given the poor particle/plaque-forming unit ratio of all SV40 virus stocks, it is essentially impossible to assess the absolute frequencies of these events, though it seems clear that they occur at rates far lower than those observed in our system. The mutagenic mechanisms producing defective viruses, however, may be identical to those giving rise to the mutations we describe. It is possible that during viral replication the mutagenic pathways are largely held in check by mechanisms specified by SV40 DNA and thus shared by pJYM.
Alternatively, pSVi2 and pSVi4 may contain sequences that render these molecules targets for attack. These (29) . The elevated frequency of base substitutions reported here suggests that replication pathways capable of high error rates are acting in this system. DNA replication in eukaryotes may be inherently inaccurate and therefore dependent on postreplication repair (30) , which may be actively suppressed or, alternatively, overloaded in our system. The sequence specificity of the base substitutions can be determined relatively easily in the lacd system, and this information may provide clues about the mechanism of formation of these mutations. For example, the sequence specificity of the mutations may indicate that they occurred opposite sites of depurination or opposite 5-methylcytosine residues. Pathways capable of replicating damaged DNA might be induced by the presence of foreign DNA or its degradation products or by specific sequences on the plasmid. Alternatively, the mutations may be characteristic of replication mediated by the SV40 origin.
This study supports recent experiments indicating that recombinant DNA vectors must contain a proper balance of sequences for proper replication and expression in mammalian cells. For instance, a specific region of pBR322 must be removed (producing pML) to permit optimal replication of pBR322-SV40 constructs in simian cells (7) and pBR322-bovine papilloma virus constructs in mouse cells (31) . Moreover, a bovine papilloma virus vector containing the herpes simplex virus TK gene will replicate in rodent cells only if the plasmid DNA is propagated in a dam-E. coli strain (32) . These results, though poorly understood, indicate that many fundamental phenomena remain to be discovered before the behavior of recombinant DNA molecules in mammalian cells is understood. While our results are specifically related to SV40 vectors, it seems likely that many of the genes being used in DNA transfer experiments are subject to the mutational pathways described here, and this must be borne in mind, for example, when contemplating gene replacement attempts. These data may be particularly relevant to those experiments involving total genomic DNA as donor for single-copy genes. In these cases, small numbers of events are scored. If DNA is mutated by the transfection procedure itself, an altered version of the gene may be selected instead ofthe original gene. In any event, the mutationfrequencies documented in these results may reflectthepresence of pathways that have an important bearing on mutagenesis in mammalian cells.
